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Linear thermal expansion and magnetostriction measurements under a magnetic field up to 20 kOe,
applied parallel and perpendicular to the measuring direction and in the temperature range of
10–300 K, have been performed on a Ni2MnGa polycrystal. The effects of zero-field cooling and
field cooling on both the self-strain ~H50! and the magnetic-field-induced strain ~MFIS! have been
studied. We have found that the MFIS strongly depends on whether a magnetic field was applied
during the cooling process. The applied magnetic field facilitates the growth of specific orientation
variants along the field direction as the sample is cooled down through martensitic transformation.
However, the application of a field in the martensitic phase induces a negligible motion of twin
boundaries. On this basis, the singular point detection technique performed on polycrystalline
specimens results in being the easiest and most direct way by which to determine the anisotropy
field in this class of materials. The temperature behavior of the anisotropy constant and field has
been determined for Ni2MnGa. © 2001 American Institute of Physics. @DOI: 10.1063/1.1350630#INTRODUCTION
Ferromagnetic martensites are an emerging class of ac-
tive materials due to their possibility to obtain strains up to
few percent by the application of a magnetic field along spe-
cific crystallographic directions, and to control the martensi-
tic transformation with magnetic field, temperature, and
stress.1,2 A great deal of interest has been recently attracted
by NiMnGa Heusler alloys. Ullakko et al.3 first reported a
magnetic-field-induced extensional strain ~0.2%! in an un-
stressed Ni2MnGa off-stoichiometry single crystal at 8 kOe.
Later, a 4.3% extensional strain was observed for stress bi-
ased samples.4 More recently, Murray et al.5 have reported a
shear strain of 5.7% at an applied field of 4 kOe at room
temperature.
Ni2MnGa undergoes a martensitic transformation upon
cooling from cubic L21 to a complex tetragonal structure.1,6
In the martensitic phase, the strain associated with the trans-
formation ~6.5% along the c axis! is accommodated by the
formation of twin variants in configurations that minimize
the elastic energy. The observed large magnetic-field-
induced strain ~MFIS! in the martensitic phase is a conse-
quence of twin boundaries displacements in order to increase
the volume fraction of variants with the easy magnetization
direction oriented parallel to the direction of the applied
a!Electronic mail: franca@maspec.bo.cnr.it5610021-8979/2001/89(10)/5614/4/$18.00
Downloaded 10 Feb 2010 to 161.111.180.191. Redistribution subject tfield.3,7 This can occur if the magnetocrystalline anisotropy
energy is strong enough to make the boundaries motion
rather than the magnetization rotation energetically more
favorable.8
The occurrence of boundary motion significantly
changes the shape of the magnetization curve, which can
reach saturation at a field lower than the anisotropy one. For
this reason, the determination of the anisotropy field is not
trivial. The above effect was predicted in a simple two-
dimensional model8 and was observed by comparing the
magnetization curve of a multivariant specimen with that of
a single-variant single crystal specimen.4 The same authors
derived the anisotropy constant for an off-stoichiometry
composition from magnetization measurements of single
crystals after field and stress-cooling processes in order to
obtain a single variant state. In situ microscopic observations
of the sample were required to check its single-variant state.
Large MFIS in single crystals has also been observed for
the application of a magnetic field during a cooling proce-
dure across the transition. Also in this case, the magnetocrys-
talline anisotropy plays an important role: preferred nucle-
ation of variants with the easy magnetization direction
parallel to the applied field has been observed.9,10 The exten-
sion of the above results to polycrystalline specimens would
markedly increase the application capabilities of this class of
materials. A complete anisotropic and magnetoelastic study
of polycrystalline materials is still lacking.4 © 2001 American Institute of Physics
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pendicular magnetostriction measurements in a magnetic
field up to 20 kOe in the temperature range of 10–300 K
have been performed on Ni2MnGa polycrystals. Particular
attention has been paid to the effect of field cooling ~FC! and
zero-field cooling ~ZFC! on both self-strain and MFIS. The
singular point detection ~SPD! technique11 has been utilized
to measure the temperature dependence of the anisotropy
field. We will discuss how SPD measurements on polycrys-
tals can represent the simplest and most direct way by which
to measure the magnetic anisotropy in this class of materials.
EXPERIMENT
Polycrystalline samples of nominal composition
Ni2MnGa were prepared in a standard arc melting furnace
starting from pure elements ~better than 99.99% purity and
remelted three times in order to obtain good homogeneity.
X-ray powder diffraction and thermomagnetic analysis
~TMA!, which consists of the measurement of the thermal
variation of the initial ac susceptibility, were performed to
check the quality of the sample. Magnetization measure-
ments were performed in a superconducting quantum inter-
ference device ~SQUID! magnetometer in the temperature
range of 10–300 K. The singular point detection technique,
with high pulsed magnetic fields up to 300 kOe, was used to
measure the temperature dependence of the anisotropy field
HA . Thermal expansion and magnetostriction measurements
were carried out using the strain-gauge technique in steady
magnetic fields of up to 20 kOe. The magnetic field was
applied parallel and perpendicular to the measuring direc-
tion.
RESULTS AND DISCUSSION
The samples obtained were single phase, with the ex-
pected Heusler structure at room temperature and lattice pa-
rameter a55.818~1! Å. The low temperature phase, below
the martensitic transformation, has been reported to have a
tetragonal structure, with the a and c parameters being larger
~11.4%! and shorter ~26.5%!, respectively, than the original
cubic one.12
The determined Curie temperature, TC5377 K, is in
good agreement with the data of Vasil’ev et al.13 for
stoichiometric Ni2MnGa. In Fig. 1, we display isothermal
magnetization curves measured at increasing values of tem-
perature. It is worth noting that the magnetization curves
change shape when changing temperature from T5230 to
240 K, due to the transformation from the harder tetragonal
to the softer cubic phase. The transformation temperature
was determined from linear thermal expansion measure-
ments and resulted in TM5235 K upon heating. This first-
order transformation is reversible and presents a thermal hys-
teresis of about 18 K.
The linear thermal expansion ~LTE! of Ni2MnGa mea-
sured upon heating after different cooling procedures is
shown in Fig. 2. Curve 1 represents the spontaneous ~H50!
LTE after the sample was zero-field cooled. The change in
D1/1 associated with the martensitic transformation is about
20.1% and is only a small fraction of the change that can beDownloaded 10 Feb 2010 to 161.111.180.191. Redistribution subject testimated from the reported variation in the lattice param-
eters ~DV/V53D1/154%!.12 The application of a magnetic
field when cooling the sample through TM has a dramatic
effect on the thermal expansion, as observed in curves 2 and
3 ~FC at 15 kOe, field applied parallel to the measuring di-
rection!. In this case, the change in D1/1 is three times larger,
D1/1’20.3%. Furthermore, no significant difference is seen
by heating the sample in either H50 ~curve 3! or in a field of
15 kOe along the measuring direction ~curve 2!. In the case
in which the magnetic field is applied perpendicular to the
measuring direction ~curve 4!, an opposite effect in the LTE
is observed with a positive change in D1/1’10.1% at the
martensitic transformation. In this case ~like in the measure-
ment described by curve 2! the field upon heating is applied
in the same direction as the field upon cooling.
These results suggest that the applied magnetic field fa-
cilitates the growth of specific orientation variants along the
field direction as the sample is cooled down through the
martensitic transition. This preferential orientation takes
place to minimize the Zeeman energy, favoring the growth
of variants with the easy magnetization direction ~EMD! par-
allel to the applied magnetic field. As the EMD in the
FIG. 1. Isothermal magnetization measurements ~in decreasing fields! at
selected increased values of temperature.
FIG. 2. Linear thermal expansion of Ni2MnGa measured up on heating after
different cooling procedures: LTE at H50 after ZFC ~1!, parallel LTE at
H515 kOe after FC ~15 kOe, parallel! ~2!, LTE at H50 after FC ~15 kOe,
parallel ! ~3!, perpendicular LTE at H515 kOe after FC ~15 kOe, perpen-
dicular! ~4!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
5616 J. Appl. Phys., Vol. 89, No. 10, 15 May 2001 Albertini et al.tetragonal-martensitic phase corresponds to the @001# direc-
tion ~c axis!,4 one expects preferential orientation of the c
axis ~shorter than the cubic a axis! parallel to the applied
magnetic field and a preferential orientation of the a(5b)
axis ~larger than the cubic one! perpendicular to the applied
magnetic field. This mechanism can explain the pronounced
negative and positive LTE at the martensitic transformation
when measured parallel ~curves 2 and 3! and perpendicular
~curve 4!, respectively, to the applied magnetic field.
This result can be seen more clearly in Fig. 3, where we
show the MFIS obtained from the difference between the
LTE at an applied magnetic field of 15 kOe and the LTE at
zero field. The MFIS obtained from the FC measurements is
almost temperature independent below the martensitic trans-
formation and has a value of ’62000 ppm, depending on
the direction of the applied magnetic field, i.e., perpendicular
or parallel to the measuring direction. These values are com-
parable to those obtained in single crystals.3,14 The tempera-
ture behavior observed in the MFIS indicates that he main
effect of the magnetic field is produced upon cooling through
the martensitic transformation, the effect being negligible in
the martensitic phase in which the MFIS is temperature in-
dependent.
LTE measurements upon heating under an applied mag-
netic field of 15 kOe after ZFC were also performed and the
MFIS was obtained in the same way as that described previ-
ously. The results are shown in Fig. 4. In this case, the
magnetic-field-induced strain is almost one order of magni-
tude smaller than that in the case of the FC process ~Fig. 2!,
and it depends strongly on temperature, showing a maximum
in the vicinity of the martensitic transition temperature.
Isothermal magnetostriction measurements with fields
up to 20 kOe, applied parallel and perpendicular to the mea-
suring direction, were also performed at selected tempera-
tures in the range of 50–300 K. The temperature dependence
of the saturation magnetostriction, which can be directly
compared with the MFIS in zero-field-cooled specimens, dis-
plays similar behavior ~see the inset in Fig. 4!.
In this case, at the martensitic transformation during the
ZFC procedure, the twin variants grow in a random distribu-
tion to minimize the strain energy. However, the subsequent
FIG. 3. Matnetic-field-induced strain parallel and perpendicular to the ap-
plied magnetic field of Ni2MnGa obtained upon heating after FC in H515
kOe.Downloaded 10 Feb 2010 to 161.111.180.191. Redistribution subject tapplication of a magnetic field in the martensic phase is not
effective in producing significant boundary motion, contrary
to the case of single crystals, where a high MFIS value was
achieved. It is worth noting that in a single crystalline speci-
men measured by Ullakko et al.3 the two mechanisms ~pref-
erential nucleation and twin-boundary motion! had the same
relevance and gave rise to a comparable MFIS value.
The SPD technique1 allows one to determine the anisot-
ropy field by studying the successive derivatives of the mag-
netization curves in polycrystalline specimens. The required
order of derivation depends on the crystal symmetry and on
the easy magnetization direction. For uniaxial easy-axis sys-
tems, which is the case for Ni2MnGa, a cusp in the second
derivative appears at the saturation field, which is the anisot-
ropy field of the system. The signal is due to the crystallites
whose hard axes are oriented in the direction of the applied
field. As a consequence, the presence of any texture in the
sample does not affect the peak position, only its amplitude.
A poly-twinned martensite, obtained by cooling a cubic
single crystal across the transformation, behaves like a poly-
crystal and the SPD technique could represent an ideal
method for anisotropy determination. However, if twin-
boundary motion occurs, the anisotropy measurements be-
come more complex. In fact, in that case, saturation could be
achieved at a field lower than the anisotropy one as a result
of a combination of magnetization rotation and twin-
boundary motion,4,8 and the SPD signal would not give a
reliable measurement of the anisotropy.
From the magnetostriction measurements and the MFIS
results after ZFC it can be inferred than in polycrystalline
Ni2MnGa a negligible strain related to twin-boundary motion
occurs. As a consequence, in the martensitic phase, satura-
tion is substantially achieved by magnetization rotation.
Thus, polycrystals are good specimens to use for a simple
and direct determination of the magnetocrystalline anisot-
ropy in this class of materials.
FIG. 4. Magnetic-field-induced strain parallel and perpendicular to the ap-
plied magnetic field of Ni2MnGa obtained upon heating after ZFC. A mag-
netic field of 15 kOe was applied at 50 K. Inset: Saturation magnetostriction
values from isothermal experiments are displayed for comparison.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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in the martensitic region for a stoichiometric Ni2MnGa poly-
crystal is reported in Fig. 5 together with the deduced values
of the anisotropy constant (K15HaM s/2). The anisotropy
field values were corrected for the demagnetizing fields.
Both HA and K1 decrease linearly with increasing tem-
perature up to the martensitic transformation where an abrupt
decrease takes place. A precise measurement of the anisot-
ropy field in the soft cubic phase is not possible because it is
within experimental error ~6300 Oe!. Thus, in Fig. 5, only a
line representing the upper limit of HA is reported.
The deduced K1 values in the martensitic phase are in
good agreement with those (2.453106 erg/cm3) reported by
Tickle and James for a single-variant single crystal of com-
position Ni52.4Mn24Ga24.7,4 and are comparable with the data
reported in Refs. 10 and 15 (Ku533106 and 1.73106
erg/cm3, respectively!.
We should emphasize that the data reported in the litera-
ture usually refer to samples with different nominal or true
stoichiometries, as deduced by the spread of the transforma-
tion temperature values. It is likely that the anisotropy also
varies with composition. Work is in progress in order to
determine the composition dependence of the magnetic an-
isotropy in a series of polycrystalline specimens with modi-
fied stoichiometry.
FIG. 5. Temperature behavior of the second order anisotropy constant (K1)
and of the internal anisotropy field (HA) of polycrystalline Ni2MnGa in the
martensitic phase. The solid line indicates the upper limit for HA in the
austenitic phase.Downloaded 10 Feb 2010 to 161.111.180.191. Redistribution subject tCONCLUSIONS
Preferential growth of twin variants with the c axis par-
allel to the applied field direction has been found for
Ni2MnGa polycrystals. Field cooling of the sample across
the transformation temperature gives rise to a MFIS of 0.2%.
On the other hand, no evidence of twin-boundary motion
has been found for application of a magnetic field in the
martensitic region. Field heating ~from the martensitic to the
austenitic phase! gives rise to a MFIS contribution that is
almost one order of magnitude smaller. Isothermal magneto-
striction measurements display similar intensity and tem-
perature behavior.
From the above results, we have determined that the
SPD technique used on polycrystalline specimens is a suit-
able tool for measuring the anisotropy in this class of mate-
rials. The temperature dependence of the anisotropy con-
stants and fields of Ni2MnGa has been determined.
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